The Leishmania tarentolae mitochondrial ribosome (Lmr) is a minimal ribosomal RNA (rRNA)-containing ribosome. We have obtained a cryo-EM map of the Lmr. The map reveals several features that have not been seen in previously-determined structures of eubacterial or eukaryotic (cytoplasmic or organellar) ribosomes to our knowledge. Comparisons of the Lmr map with X-ray crystallographic and cryo-EM maps of the eubacterial ribosomes and a cryo-EM map of the mammalian mitochondrial ribosome show that (i) the overall structure of the Lmr is considerably more porous, (ii) the topology of the intersubunit space is significantly different, with fewer intersubunit bridges, but more tunnels, and (iii) several of the functionally-important rRNA regions, including the ␣-sarcin-ricin loop, have different relative positions within the structure. Furthermore, the major portions of the mRNA channel, the tRNA passage, and the nascent polypeptide exit tunnel contain Lmr-specific proteins, suggesting that the mechanisms for mRNA recruitment, tRNA interaction, and exiting of the nascent polypeptide in Lmr must differ markedly from the mechanisms deduced for ribosomes in other organisms. Our study identifies certain structural features that are characteristic solely of mitochondrial ribosomes and other features that are characteristic of both mitochondrial and chloroplast ribosomes (i.e., organellar ribosomes).
A
number of trypanosomatid protists of the genus Leishmania are responsible for severe diseases affecting millions of people worldwide. Trypanosomatids possess a single large kinetoplast mitochondrion (1) . Several trypanosomatid mitochondrial genes are posttranscriptionally modified through RNA editing (2) (3) (4) . Although mitochondrial translation in Leishmania, as in other organisms, is required for synthesis of several indispensable components of the respiratory chain by mitochondrial ribosomes (mitoribosomes), the process of translation is quite distinct from that in the mammalian system (5) . In addition, the mechanism by which the fully-edited translatable mRNA is selected by the Leishmania mitochondrial ribosome (Lmr) to preclude translation of the immature preedited templates is unknown (5) (6) (7) (8) (9) (10) .
Ribosomal RNAs (rRNAs) encoded in the kinetoplast genome are extremely small (11, 12) . The small subunit (SSU) of the Lmr contains a 610-nt-long 9S rRNA and the large subunit (LSU) of the Lmr contains a 1,173-nt-long 12S rRNA. Overall, the Leishmania mitochondrial rRNAs (Lm-rRNAs) have Ϸ61% and 28% fewer nucleotides as compared respectively with their eubacterial and mammalian mitochondrial counterparts. However, although secondary and tertiary structures are very well established for eubacterial rRNAs (13, 14) , a significant portion of the secondary structures for the Lm-rRNAs (Ϸ66% of the 9S and Ϸ34% of the 12S) could not be predicted by comparative sequence analyses (11, 12, 15) . The dramatically less robust RNA structural scaffold could affect Lmr's stability, SSU-LSU interactions, and other properties relevant to the process of translation. It is likely that a small Lm-rRNA and a tight association of Lmr to the mitochondrial membranes were responsible for the difficulties in isolation of the trypanosomatid mitoribosomes for many decades. Recently, the Lmr was isolated from Leishmania tarentolae as a 50S protein-rich complex, and its 2 subunits were characterized as Ϸ28-30S SSU and Ϸ40S LSU particles (16, 17) . These studies also revealed an unusual 45S SSU* complex, representing dimers of SSU in association with an additional protein complex.
Here, we present a 3D cryo-EM map of the 50S Lmr. Our analysis reveals that several missing eubacterial rRNA segments are structurally replaced with proteins in the Lmr structure. The intersubunit space (ISS), which accommodates the interactions of tRNAs and translational factors, is significantly remodeled in the Lmr, as compared with the ISS topology in all known structures of ribosomes (13, 14, (18) (19) (20) (21) (22) (23) (24) . However, the overall morphology of the Lmr is remarkably conserved, suggesting the existence of tight structural and functional constraints on this evolutionary divergent form of the ribosome.
Results and Discussion
The cryo-EM map of the Lmr shows most of the landmark features of a typical ribosome (18) (Fig. 1 A and D and Fig. S1 ). However, a dramatic difference, with respect to all other ribosome structures (18) (19) (20) (21) (22) (23) (24) , is high porosity of the Lmr. The Lmr (Ϸ245 Å in diameter) is smaller than its eubacterial (Ϸ260 Å; Fig. 1 B and E) and mammalian mitochondrial (Ϸ320 Å; Fig. 1 C and F) counterparts. However, the ISS of the Lmr is larger as compared with its counterparts in other known ribosome structures, and it connects to solvent through several newlydiscovered tunnels. In addition, there is a large gap between the 2 subunits in the lower body region. To interpret the cryo-EM map at the molecular level, we used (i) the conserved segments of rRNA and proteins from the X-ray crystallographic structures of eubacterial and archaebacterial ribosomes (13, 14, 22, 23) , and (ii) the homology models of the mammalian mitoribosome (25, 26) . Finally, the program Mfold (27) , along with the cryo-EM envelope constraints, was used to model structures of Lm-rRNA segments that were not available from X-ray or homology models.
Structure of the SSU. The overall morphology of the Lmr SSU is more similar to a eubacterial SSU than it is to the mammalian mitochondrial SSU (Figs. 1 and 2 ). The head, platform, and body of the SSU are immediately recognizable in our map. Considering that Ͼ60% of eubacterial rRNA segments are absent in the 9S Lm-rRNA, structural similarity of Lmr SSU to eubacterial SSU is quite remarkable. We use the secondary structure of eubacterial SSU rRNA (13) as the template to describe the 9S Lm-rRNA and its helices ( Fig. 2 A and Fig. S2 ). The central core of the SSU rRNA is largely conserved, whereas the majority of peripheral helices of the eubacterial SSU rRNA are absent in 9S Lm-rRNA. However, we find that a significant portion (Ϸ61%) of missing eubacterial rRNA segments are positionally replaced by densities corresponding to proteins.
The 9S Lm-rRNA lacks 24 of the 45 eubacterial rRNA helices (Fig. 2 A) . These are helices h8-h12, h16, h17, h21, h25, h26, h26a, and h31-h43. Helices h8-h10, which form the base of the eubacterial SSU, are replaced by proteins in the Lmr. Furthermore, a significant amount of additional protein mass is found in the base portion of the Lmr SSU. Given that this extra protein mass is also present in mammalian mitochondrial (20) and chloroplast (24) ribosomes, a protein-rich base thus seems to be a characteristic feature of organellar SSUs. Densities for h11, h12, and h27 are absent in the Lmr map. Through the absence of h12 (in the body) and h27 (near the body-platform junction), 2 tunnel-like features (bT and pT in Fig. 2 B and C) are created between SSU's interface and solvent sides.
The 3Ј major domain of the SSU rRNA, which forms the head of the SSU (13) , is dramatically smaller in Lmr than the eubacterial ribosome (Fig. 2 A) . Because of the absence of eubacterial helices h35-h39, another tunnel is formed between the top and bottom of the SSU head. Nevertheless, the overall architecture of the SSU head between eubacterial and Lmr is surprisingly well conserved, indicating that the majority of missing rRNA segments in the head must be replaced by proteins in Lmr. This observation suggests that the overall shape of the SSU head is critical for ribosome function.
The h44 is very small in the Lmr. Only its top portion, which constitutes the decoding site, is retained ( Fig. 2 A and Fig. S3 ). The missing segment of h44 creates a large gap between the lower body of 2 Lmr subunits (Fig. 1) . Because of the absence of a portion of h24 and h27, and segments of loops between h3 and h19 and between h19 and h20 (see Fig. 2 A) that stack behind h44 and h45 in the eubacterial structure (ref. 13 and Fig. S4 ), h44 and h45 shift closer to the platform in the Lmr.
Of the 20 eubacterial SSU proteins, 10 have homologues in the Lmr SSU. These are proteins S5, S6, S8, S9, S11, S12, and S15-S18 (16, 17, 28) . Most of the bacterial homologs have long N-terminal or C-terminal extensions in the Lmr. Atomic structure of conserved portions of homologous bacterial proteins could be readily fitted into corresponding cryo-EM densities ( Fig. 2 B and  C) . After the fitting of all segments of the rRNAs and all of the bacterial protein homologues, a significant proportion of densities in the cryo-EM map remains unexplained. These unexplained densities correspond to Lmr-specific proteins and extensions of homologous bacterial proteins and positionally replace a significant proportion (Ϸ52%) of missing eubacterial proteins (such as S2-S4, S7, S10, S13, S19, and S20) (Fig. S3) . However, Ϸ33% of total SSU protein mass acquires new quaternary positions in the Lmr.
Structure of the LSU. Typical morphological features of a LSU, such as the central protuberance (CP) and 2 stalk-like features on the either side of CP, are immediately recognizable (Figs. 1 and 3) in our map. We discern 7 tunnels that connect the interface side of LSU with the solvent [e.g., tunnel near CP (CPT) in Fig. 3C ]. In addition, a protein mass emerging from the CP extends into ISS. This structural feature appears to be characteristic of mitoribosomes; a similar mass was observed in the structure of a mammalian mitoribosome (20) and was referred to as the peptidyl (P)-site finger. However, the mass in the Lmr map is much more extended and spans both the aminoacylated (A)-and P-site regions; accordingly, we term it the A-and P-site finger (APSF; in Fig. 3B ).
We use the bacterial LSU rRNA secondary structure (14) as the template to describe the 12S Lm-rRNA secondary structure and its helices ( however, a significant proportion (Ϸ50%) of the missing bacterial rRNA segments are positionally replaced by Lmr-specific proteins. Conserved segments from the mammalian mitoribosome LSU rRNA model (26) fitted extremely well into our cryo-EM map, with slight modification of the loop that connects helices H43 and H44 [in order to distinguish from rRNA helices of the SSU (h), all helices of LSU rRNA are identified with a prefix ''H''] to the rest of the Lm-rRNA. Similarly, regions of helices H50 and H51 were modified to produce an optimum fit into the cryo-EM map.
H69 forms the central intersubunit bridge, B2a, in all ribosomes (18, 29) , and plays pivotal roles in ribosome function. It provides a platform for tRNA binding at both the A and P sites of the ribosome (29) and undergoes conformational changes during the translational elongation cycle (30) and ribosome recycling (31) . Unexpectedly, the H69 is partially disordered in our map, suggesting that this rRNA segment is much more flexible in the Lmr. The high flexibility of H69 could be an important regulatory feature in Leishmania, such that H69 becomes structured during protein synthesis or in the presence of binding ligands, such as tRNAs.
Densities corresponding to most of the eubacterial LSU rRNA domains V [which includes the peptidyltransferase center (PTC)] and VI [which includes the universally-conserved ␣-sarcin/ricin stem-loop (SRL)], are readily identifiable in our cryo-EM map. Although most of domain V is intact, the masses corresponding to helices H89 and H91 are smaller than in the eubacterial ribosome, supporting the fact that both of these helices are very small in Lm-rRNA. We find that the mass corresponding to the SRL has significantly shifted (by Ϸ30 Å) toward the PTC, thus decreasing the distance between the SRL (the GTPase center) and the PTC in the Lmr, as compared with the separation in the eubacterial ribosome. This shift in SRL position is apparently enabled by the absence of a neighboring mass caused by truncation in helices H89 and H91 (Fig. S6) .
Of the 34 eubacterial LSU ribosomal proteins, 11 were found to have homologues in the Lmr LSU (16, 17) , whereas 21 were found in a more exhaustive analysis of a closely-related organism Trypanosome brucei mitochondrial ribosome (28) . These were proteins L2-L4, L9, L11-L17, L20-L24, L27-L30, and L33. Nineteen of these homologues are significantly larger than their eubacterial counterparts. Although most of eubacterial homologues can be fitted into the cryo-EM density (Fig. 3 B and C) , some (e.g., L16, L30, and L33) have shifted with respect to their position in the eubacterial ribosome. The bacterial homologue of protein L1 appears to be absent in the L. major and T. brucei genome databases (www.genedb.org/genedb). However, because we see a density feature corresponding to L1 in our map ( * in Figs. 1 D and 3 B and C) , it is likely that L1 is substituted by a Lmr-specific protein. Moreover, the eubacterial L1-binding segment of the rRNA (H76-H78) is absent in Leishmania, and so is the density corresponding to H76-H78 in our map. In our map, the L1 feature is connected to rest of LSU through density masses that protrude from the side of CP and H75. Approximately 37% of missing bacterial proteins are positionally replaced by Lmr-specific proteins in LSU (Fig. S7) . However, Ϸ41% of total LSU protein masses acquire new quaternary positions in the Lmr.
Intersubunit Bridges. The 2 subunits of the Lmr are held together by 9 bridges (Fig. 4) , significantly fewer than the 13 bridges in eubacterial ribosomes (18, 29) and the 15 bridges in mammalian mitochondrial ribosomes (20) . We describe the Lmr bridges by using existing nomenclature (18, 20, 29) . Components of eubacterial bridges B2c (h27), B5 (h44), and B6 (h44) are absent in the 9S Lm-rRNA, and components of bridges B1a (H38), B4 (H34), B5 (H62), and B6 (H62) are absent in the 12S Lm-rRNA. Indeed, density features corresponding to these 5 bacterial bridges (B1a, B2c, B4, B5, and B6) are absent in the Lmr. Although components of bacterial bridges B2a (h44 and H69), B2b (h24), B7a (h23 and H68), and B3 (H71) have slightly shifted (by Ϸ8-12 Å) in position, other bridges have retained their overall positions but have undergone change in composition caused by the absence of bacterial protein homologues (e.g., S13 and L5). Some of these bridges are replaced by Lmr-specific proteinprotein bridges, such as bridges B1b and B1c. Another bridge, positionally analogous to B9 of mammalian mitoribosome (20) , is formed by the Lmr-specific proteins and appears to be a feature specific to mitoribosomes. Overall, the 2 subunits are held together by 3 RNA-RNA bridges (B2a, B2b, and B7a), 3 RNA-protein bridges (B3, B7b, and B8), and 3 protein-protein bridges (B1b, B1c, and B9). The presence of fewer RNA-RNA bridges in the Lmr (3, vs. 5 in eubacteria) could explain the lack of sensitivity of the Lmr to changes in Mg 2ϩ concentration (16) .
The mRNA Channel and the tRNA Binding Sites. The mRNA channel of the Lmr is highly protein rich ( Fig. 5B ; and see ref. 32 for the eubacterial mRNA channel). Both the entrance and the exit of the channel possess Lmr-specific proteins, and the surface of the channel along the SSU head is lined throughout by Lmrspecific proteins. However, the topology of the mRNA entrance ( Fig. S8 ) is quite divergent from that in the mammalian mitoribosome (20) . The mRNA entrance is also much wider in the Lmr, potentially to allow interaction of the mRNA with both the Lmr itself and the translational activator proteins in Leishmania. Several rRNA segments that are involved in binding of tRNAs at all 3 sites, namely the A, P, and E (exit) sites in eubacterial ribosomes (22, 23, 29) , are absent in the Lmr. Although most missing rRNA components of the A and P sites (SSU rRNA helices h31 and h34 and LSU rRNA helix H89) are replaced by proteins in the Lmr, those of the E site are not compensated. Furthermore, the E site lacks most of the binding rRNA components in both SSU (h23, modified and shifted helices h24, h29, and h42, and h43) and LSU (H11, H68, H77, and H88) of the eubacterial ribosome, suggesting that the E site is either very weak or absent altogether in the Lmr.
H89 and H91 form much of the lining of the corridor with which an incoming aminoacyl-tRNA interacts during its movement from initial binding A/T state (33) to the A site in the eubacterial ribosome (34) . Although both of these helices are severely truncated in Lmr, their missing segments are partially replaced by Lmr-specific proteins (Fig. 5A) . A dramatic change in chemical environment at the initial tRNA binding stage would have profound impact on how an aminoacyl-tRNA is accommodated during each elongation cycle in the Lmr. Similarly, the passage of tRNA from the A site to P site is dominated by Lmr-specific proteins (Figs. 5B and 6A) . Thus, the protein-mRNA and proteintRNA interactions are much more extensive in the Lmr than in any other ribosome for which a structure has been determined.
The Polypeptide-Exit Tunnel. Consistent with the absence of eubacterial rRNA segments within domains I and III of the 12S Lm-rRNA, domains that occupy the bottom portion of the nascent polypeptide exit tunnel in bacterial LSU (35) , the Lmr structure in this area is quite different from its eubacterial counterpart. The tunnel in the Lmr LSU has 2 openings on the solvent side, one corresponding to the conventional polypeptideexit site (PES) and the second at Ϸ25 Å away but before the PES (Fig. 6A) . We refer to the second exit as the polypeptide-accessible site (PAS). The solvent-side openings of both PES and PAS are predominantly encircled by Lmr-specific proteins (Fig. 6 B and C) . The PAS has not been observed in any of the cytoplasmic or the chloroplast ribosomes and appears to be characteristic of mitochondrial ribosomes (20) necessary for the cotranslational insertion of polypeptides in the inner mitochondrial membrane. 
Conclusions
We find several features that are unique to organellar (mitochondrial and chloroplast) ribosomes, such as the presence of a proteinrich base of the SSU body and the exit of the polypeptide tunnel (20, 24) . Both of these regions could be involved in attachment of organellar ribosomes to the membrane. Furthermore, although the mitochondrial ribosomes differ dramatically in structure between mammalian (20) and protistan (this study) organisms, they evidently have some common characteristic features, such as a proteinrich mRNA path, a P-site finger, a tunnel in the SSU body, the PAS, and bridge B9.
We find that, despite its strikingly small complement of rRNA, the Lmr is similar to its eubacterial counterpart in overall size and morphology. The Lmr proteins that have bacterial homologues retain segments crucial for their incorporation in the Lmr, suggesting that all of the components that are required to build a functional translational machine are present in this highlydivergent form of the ribosome. Our results also suggest that the maintenance of a certain minimum size and the retention of key architectural elements have underpinned a notably-conserved basic functioning of the ribosome, despite the vicissitudes of the structure's long evolution. Nevertheless, several functionallyrelevant regions in the Lmr have relative positions that differ from those seen in a eubacterial ribosome. From these characteristics, we predict that translational elongation factors in the Leishmania mitochondrion are also quite distinctive, if they are to complement the Lmr structure. Distinct topological differences, as compared with the eubacterial and eukaryotic ribosomes, in the mRNA and tRNA paths and PES in the Lmr suggest that the process of protein synthesis on the Lmr is mechanistically very different. Further structural and functional characterization of the protein components present at these key sites will be critical in establishing detailed mechanisms for the recruitment of mRNAs to the Lmr, movement of the tRNAs, and insertion of the nascent chains into the inner mitochondrial membrane.
Materials and Methods
Isolation of the Lmr. The kinetoplast-mitochondrial fraction from the L. tarentolae was isolated by flotation in Percoll gradients as described (16, 36) . Mitochondria were lysed with dodecyl maltoside, and 50S mitochondrial monosomes were purified on 2 successive sucrose gradients (16) .
Cryo-EM and 3D Image Reconstruction. Cryo-EM grids were prepared according to standard procedures (37) . Data were collected on a Philips FEI Tecnai F20 field emission gun electron microscope, equipped with low-dose kit and an Oxford cryo-transfer holder, at a magnification of ϫ50,760. A total of 267 micrographs were scanned on a Zeiss flatbed scanner with a step size of 14 m, corresponding to 2.76 Å on the object scale. The projection-matching procedure within the SPIDER software (37) was used to obtain the 3D map. Because the 50S Lmr displays greater overall morphological similarity to the eubacterial 70S ribosome than to the mammalian 55S mitoribosome (see ref. 17) , we initially used an 11.5-Å resolution Escherichia coli 70S ribosome map (18) as the reference volume, to obtain a low-resolution map of the Lmr from Ϸ5,000 cryo-EM images. The Lmr 3D map so obtained was low-pass-filtered and then used as reference for the alignment of the larger dataset. Initially, 185,413 images, sorted into 30 groups according to defocus value (ranging from 1.6 to 4.5 m under focus), were picked. Because of the problem of inherent heterogeneity of the Lmr (see SI Text), we had to eliminate a large proportion of images to improve the resolution. From the pool of manually screened 185,413 images, only 62,911 were retained, after elimination of the images that yielded low values for the cross-correlation coefficient with the 2D projection images generated from the initial model. Cross-correlationbased elimination was done in several steps (10 -15% removed in each step) and was iterated until significant improvement in the map resolution was achieved. After removal of images from overrepresented groups within 83 equi-spaced views of the ribosome, another 9,436 images were eliminated. A total of 53,475 images were thus included in the final 3D reconstruction.
The resolution of the final CTF-corrected 3D map, estimated by using the Fourier shell correlation with a cutoff value of 0.5 (see ref. 18 ), was 14.1 Å [or 9.8 Å by the 3 criterion (38) ].
Interpretation of the Cryo-EM Map. Conserved regions in published X-ray structures of eubacterial ribosomes (13, 14, 22, 23) and homology models of the mammalian mitoribosome (25, 26) were used for molecular interpretation of the majority of the Lmr map. Furthermore, we applied energy minimization-based analysis, using program Mfold (27) , to model structures of LmrRNA segments that were not available from X-ray or previously-built models. Among the top 5 secondary structures predicted by Mfold for each rRNA segment, the one that best explained the cryo-EM density was incorporated into our model. The cross-correlation coefficient (CCC) values between the fitted atomic coordinates and the corresponding cryo-EM density maps were determined after conversion of the fitted coordinates into the density map, through computation of averaged densities within volume elements scalematched to those of the cryo-EM map (i.e., a pixel size of 2.76 Å, and after filtration of the atomic structures to the resolution of the cryo-EM density map). The CCC values between the filtered atomic coordinates and cryo-EM densities were in the 0.69 to 0.77 range. O (39) was used for docking of atomic coordinates and visualization was performed with SPIDER, IRIS Explorer (Numerical Algorithms Group), and Ribbons (40) .
